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GLOSSARY OF UNCOMMON TERMS USED IN TEXT

Definitions used here are consistent with those of quoted authors or of others considered to be experts in the field.

Locking domain:A volume and shape in rock that can contain in equilibrium a particular system of internally balanced forces
(Varnes and Lee, 1972).

Overcore: To make a cut with a core barrel around an instrumented volume of rock, separating that volume from the remaining
rock mass.

Prestrain: Strain that results from prestress. The term alludes to locked-in, potentially recoverable strains that reflect rock dis-
tortions related to the history of internal or external loads.

Prestress: The term used in this text is synonymous with residual stress. The term alludes to that part of the previously applied
internal or external forces which is stored as residual stress.

Residual strain: Locked-in, potentially recoverable elastic distortions, satisfying internal equilibrium conditions with no exter-
nal loads or temperature gradients (Friedman, 1972).

Residual stress: A stress system satisfying internal equilibrium, with no external loads or temperature gradients (McClintock
and Argon, 1966).

Strain relief or stress relief: The mobilization of stored elastic energy (stress or strain) by creating physical changes within an
existing force field.



DEFORMATIONS ASSOCIATED WITH RELAXATION OF
RESIDUAL STRESSES IN A SAMPLE OF BARRE GRANITE FROM
VERMONT

By T. C. NICHOLS, JR.

ABSTRACT

A cube of Barre Granite (approximately 22 cm on a side), free of
boundary loads, was sequentially and concentrically drilled out with
5.1-, 10.1-, and 15.0-cm core bits on the top and bottom sides and with
a 10.1-cm core bit on a third side. The top and bottom sides are parallel
to the grain or lift plane, which is horizontal in the quarry, and the
third side is parallel to the rift plane, which is vertical and strikes N.
30° E. Strains resulting from overcoring were recorded on these sides
with thirty-six 45°-rosette resistance strain gages.

The strain changes observed upon coring seem to have been derived
from a complexly changing internal residual stress field. Initially, as
the top surface was overcored, the resulting strain changes were mostly
compressional; that is, the block contracted. Strain changes became
more extensional as the bottom of the block was overcored. Finally,
there were large net strain changes that were radially compressional
and tangentially extensional, relative to each set of concentric over-
cores.

The largest strain changes were observed adjacent to freshly cut sur-
faces, yet significant changes were monitored over the entire surface of
the block after each overcoring. Cumulative strain changes monitored
on opposing gages symmetrically located across a freshly cut surface
were, much of the time, similar in sense, magnitude, and direction.

The residual stress field is related to the changing geometry of the
body, the induced free surfaces, and seemingly to the degree of
homogeneity, orientations, and magnitudes of the stresses when they
were frozen in. Cumulative strain changes at individual gage locations
were large — as much as 330 X 10-% (extension) and —275 X 10~ (com-
pression).

The deformation generally appears to be elastic. At certain gages,
however, there were occasional large anomalous strain changes that are
interpreted to result from permanent deformations, such as in-
tergranular movements or intragranular gliding. These mechanisms
may also be partly responsible for a pronounced creep event that was
observed after the top 15.0-cm coring was completed; the whole block,
which had initially contracted, expanded for 48 hours after the coring
event, until the net strain change was nearly zero.

The extensional deformations typically occurring across a pilot
borehole as a result of stress-relief overcoring techniques can be caused
by at least two possible stress conditions an externally applied com-
pressional stress field or the mobilized tensile component of the inter-
nal or residual stress field. When externally applied compressive forces
are cut by overcoring, the innner and outer walls of the newly created
annulus will expand. An internally balanced stress field may be par-
tially relieved upon cutting of the outer cylindrical surface of the newly
created annulus. If the tensile energy is relieved locally, then com-
pressive strains are mobilized, causing the annulus to become thinner.
The interior wall thus expands, and the exterior wall contracts. A
deformation-measuring device placed in the interior hole measures ex-
tension of the interior wall in both stress conditions considered.

INTRODUCTION

With any deformation of a natural rock mass, whetl er
manmade or natural, there is an accompanying distur-
bance of the preexisting quasistatic elastic stress field.
The stresses, whether residual, gravitational, or present-
day tectonic, are at least momentarily unbalanced, and
energy is expended in some type of work or heat transfer.
A better understanding of how released residual-elastic-
strain energy is expressed at free boundaries is needed.
Systematic quantitative knowledge of this phenomennn
would be of great practical value for the design of mines,
quarries, and engineering structures. Also, tlis
knowledge may well be of value to earthquake predic-
tion. I believe that the source of a significant quantity of
the total energy released has been residual strein
(stress). If the release of these stresses can be predicted
quantitatively in terms of a stress and (or) strain tensor,
the information will be valuable in design and contru-e--
tion practices.

In the present research, a systematic investigation of
residual-strain relief was conducted to determine the
magnitudes and distribution of the resulting strein
changes as the geometry of a block of rock was modified
and to discover the relation of these strains to fabric
elements.

“Prestress,” “‘residual stress,” “prestrain,” ‘‘residual
strain,” and other uncommon terms used in this text ere
defined in the glossary.

This report is based on a thesis study conducted at
Texas A & M University in partial fulfillment of the re-
quirements for the Master of Science degree.
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2 DEFORMATIONS, RELAXATION OF RESIDUAL STRESSES, BARRE GRANITE FROM VERMONT
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PREVIOUS WORK

RECOGNITION OF RESIDUAL STRESS

The existence of residual stress in rocks and rock
masses has been recognized for a long time — at least 180
years (Varnes, 1969). Much thought has been given
recently to this subject (Lowry, 1959; Pincus, 1964;
Friedman, 1967, 1971, 1972; Denkhaus, 1967; Voight,
1967; Emery, 1968; Nichols and others, 1969; Price, 1969;
Hoskins and Daniels, 1970). Several of these authors
have made measurements of residual strains in
laboratory experiments. Price (1969, p. 7) observed
siltstone specimens that expanded in creep under uniax-
ial compressive loads of 640 bars and greater, and he at-
tributed this expansion to the release of residual stresses.
Friedman (1967) used X-ray techniques to determine the
existence of residual elastic strains within quartzose
rocks. Also, Friedman and Logan (1970) related similarly
determined data to the orientations of fractures induced
in quartzose rock specimens under controlled boundary
loads. Friedman (1971, 1972) has summarized informa-
tion about residual strains, primarily from his X-ray
studies.

INVESTIGATIONS TO DETERMINE THE NATURE
OF RESIDUAL STRESS

Very few investigations have been undertaken to
determine the extent of the relief of residual stresses
within rock masses and the manner in which the released
energy is expressed at free rock boundaries.

Emery (1964) used photoelastic transducers to
demonstrate the existence of elastic strain energy in
sandstones, foliated quartzites, granites, and pebble
conglomerates. He concluded that these rocks contain
substantial amounts of potential elastic strain energy
that in some cases is recoverable and that has
pronounced measurable anisotropy.

Pincus (1964) also used photoelastic transducers, and
he was able to demonstrate that 5.4-cm(NX)-diameter
rock disks, relieved by smali-diameter (0.4-cm) holes,
showed relief patterns around the holes.

Sharp (1969) made residual-stress determinations on
core samples taken from the Red Mountain mid-Tertiary
intrusive complex, west of Denver, Colo. The determined
secondary principal stresses were attributed to stored
energy related to the forcible emplacement of a mid-
Tertiary stock. Also, Sharp alluded to the relief of strain
as a possible cause of failure for future mine shafts in the
area.

Varnes (1969) designed and built a physical model
consisting of individual units representing grains in a

rock. The model behavior simulates that of stress relief
within a rock. The grain units capable of interacting
viscously and elastically with elastic and frictional
restraints, Varnes stated that experiments are in
progress to detect effects of size and geometry of the
model.

E. G. Bombolakis (in Friedman and Logan, 1970, p.
387) attempted to determine the size effects on relieving
residual stresses by overcoring. Starting with 12.5-cm
cores of granite near Chelmsford, he success‘vely over-
cored 45°-rosette resistance strain gages with 7.5-, 5.4-,
and 3.8-cm core bits, and after each overcoring he
measured still further strain relief.

Hoskins and Daniels (1970) determined directions and
relative magnitudes of residual strains in six different
specimens by undercoring with different sized core bits.
J. F. Abel, Jr., and T. C. Nichols, Jr., performed similar
experiments in U.S. Geological Survey laboratories on
Precambrian metasedimentary and granitic rocks from
Colorado and on Paleozoic granite from Nortl Carolina.

Friedman (1971) conducted experiments in which he
measured residual strains in the grains of naturally
deformed sandstones. Using X-ray techniques, Fried-
man compared the “before” and “after’ state of residual
strain in individual sandstone grains that were relieved
by etching with hydrochloric and hydrofluoric acids.
Similarly, he compared the “before” and ““after’ state of
residual strain in individual sand grains of laboratory-
compacted and welded specimens, freed merely by
etching with water.

Gallagher (1971) concluded from photoelastic model
studies that residual elastic strains detected in
sandstones by X-ray method are average values that in-
clude the strains within the grains and the cementing
matrix over the volume scanned.

THE BARRE GRANITE

Barre Granite was chosen for this experiment because
much work had already been done on its mineralogy and
on the nature of its elastic anisotropy.

White (1946) recognized that much nonuniform
energy is relieved in quarry operations at Parre, Vt.;
Hooker and Johnson (1969) measured the in situ stress
field in the Smith granite quarry and at nearky outcrops
close to Barre, and they made laboratory messurements
on cores from which values of the anisotropic elastic
moduli were calculated.

Douglass and Voight (1969) found microfractures and
fluid inclusions (healed microfractures) to be strongly
oriented parallel to the rift plane, which is vertical and
strikes about N. 80° E. They found a smaller concentra-
tion of microfractures in the grain direction parallel to
the horizontal lift plane, but where the quartz optic axes
are strongly oriented parallel to the rift plane, they
related these features to the laboratory-determined com-
pliance ellipsoid.















EXPERIMENTAL RESULTS

TABLE 1. — Strain differences, Ace and Ag€, at gages I through 34 — Continued

Ane (> 10-%) based on stable
zero reading prior to 5.1-cm

Ape (X 10-%) based on stable
zero reading lI;rimr to5.1-cm

coring on top face coring on bottom face
Gage Arm After After After After After After After After
o. 5.1-cm 10.1-cm 15.0-cm 15.0-cm 5.1-cm 10.1-em 15.0-cm 10.1-cm
coring coring coring coring on coring coring coring coring
on top on top on top top face on on on on side
face face face (48 hrs') bottom bottom bottom face
face face face
b -6 —6 24 47 26 16 26 13
c 0 6 4 36 20 -17 26 7
14 a -11 —-29 4 17 9 15 6 25
b -18 -32 —10 0 -2 11 48 22
c -5 -20 —12 0 15 27 28 28
15 a —19 —35 -9 0 4 —-14 —28 41
b —16 -35 -6 1 5 39 —6 30
c —15 —31 -1 5 —4 10 —61 32
16 a —18 —-32 -7 1 -39 4 7 46
b —-20 —47 —18 -1 41 17 20 0
c -21 —38 -8 -6 -10 —33 6 55
17 a —-13 —-30 -12 -2 —-22 -1 18 ————
b -17 —28 —-12 6 —28 6 29 _————
4 -17 —-37 -3 10 —29 -1 32 ————
18 a —23 —43 —-27 —-11 —40 —52 3 32
b —24 —46 —25 —8 30 —26 9 32
c —25 —45 -20 -7 -5 2 -2 69
19 a —25 —41 —18 -1 6 3 —-67 32
b —25 —47 —20 -6 8 39 —36 29
¢ —24 —46 -25 —14 4 —-32 —-21 28
20 a -19 —33 —14 0 11 10 22 24
b —22 -39 -15 —4 7 11 43 30
¢ —18 -39 —20 -11 20 16 -7 34
21 a -9 -20 14 5 10 24 18 30
b -5 —-12 22 14 25 40 85 35
c 3 -5 20 13 28 32 26 -30
22 a —-13 —16 37 62 11 8 —20 29
b -15 —-33 -1 —16 7 —54 -15 33
¢ -7 —18 49 66 35 103 -8 65
23 a -17 -33 —26 —21 —28 —4 7 8
b -14 —36 —22 —-32 22 -22 11 13
c -20 -31 -1 6 2 -39 7 15
24 a -13 -35 -3 3 4 -35 17 —30
b —16 -34 -7 -7 38 8 10 26
c —18 —41 -19 -13 -18 7 7 47
25 a -14 —24 -2 8 12 17 —26 ——
b -19 -37 —13 —4 19 45 -30 _————
4 —14 -30 —26 -11 4 —-37 —52 ———
26 a -16 —28 —-14 -5 5 13 33 27
b -8 —-22 0 8 16 38 76 29
c -8 -20 -1 6 14 29 - 23 29
27 a —23 —34 -15 -1 15 11 14 -1
b -17 —-14 12 26 9 7 30 9
c -19 —28 -11 3 10 9 8 12
28 a —-13 —-20 -2 9 9 9 2 2
b -6 -3 24 41 16 13 6 46
c -8 -8 9 25 11 2 2 20
29 '] ——— e _——_——— ——— ——_——— ——— ———— -6
b I o _—— . N ——— _———— —48
¢ - o _———— - R _———— —_— —-32
30 a -2 -6 12 26 6 17 13 12
b —4 -9 12 22 13 33 14 42
c -13 —24 -6 4 8 10 15 24
31 a _———— _———— R - P _—— R 29
b - N —— —— S ——— ———— 10
c _—— P ——_——— ——— R . — 26
32 a -10 -19 2 12 14 18 0 17
b —22 —33 -7 7 6 4 8 28
¢ -17 —26 2 9 19 6 13 16
33 a _—— R — e .- e I 16
b _———— . I - e I ——— 4
c ———— - ____ - e _——_——— _———— 16,
34 a —-33 -53 -37 —24 8 1 12 12
b 27 —41 —-17 -5 12 17 31 25
c —26 —44 -38 -18 5 8 10 12

"The 48-hour reading was made because the 24-hour reading was not stable.
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TABLE 2. — Strain differences, Ae and A ge, at gages F1, F», and @

[The strain differences at all gages were calculated from stable readings 24 hours after each coring, except as noted. Arms a, b, and ¢
designate individual gages on each rosette, arm a being the most clockwise and arm ¢ the most counterclockwise. Individual gage
orientations are shown in fig. 1. Leaders (_ _ __) indicate no data available]

Ae {x 107%) based on a stable zero Age (X 10 ©) based on a stable

reading prior to the 10.1-cm
coring on top face

zero reading prior to the
5.1-cm coring on bottom face

Gage Arm After the After the After the After the 5.1-cm After the
No. 10.1-cm 15.0-cm 15.0-cm coring on bottom 10.1-cm
coring on coring on coring on face coring on
top face top face top face bottom
(48 hrs!) (41 days) face
PP a —-25 —46 2 62 23 131
b -17 42 76 19 24 78
c —4 25 53 86 43 148
Fo o ____ a —51 ~75 —49 ———— - R
b —80 —149 —106 - . _——
c —-55 -83 —-34 - ——_——— e
Qo a —-41 16 55 37 19 36
b —32 18 62 0 15 64
c -37 23 55 34 1 21

'The 48-hour reading was made because the 24-hour reading was not stable.

Figures 6-13 show vectors representing the computed
principal strain changes at each gage location on the top,

4)do not seem to closely aline with those on the out-
side.

bottom, and side-2 surfaces after each coring operation. { 2. A on the top, bottom, and side 2 after the 10.1-cm

At locations where strains are not shown, the strain
values were very small or the gages were destroyed by
drilling. Also plotted in figures 6 and 7D are vector
representations of the prestrain contained within quartz
grains as determined by X-ray diffraction techniques
from chips taken from the same block. Prestrain has an
opposite sense to strain caused by overcoring.

Figures 6, 7, and 8 show the principal strain changes
Aoer and Agee that occur on the top, bottom, and side-2
surfaces after each of the 5.1-, 10.1-, and 15.0-cm corings
of the top surface. Figures 9, 10, and 11 show strain
changes on top, bottom, and side-2 surfaces after similar
corings of the bottom surface and after the 10.1-cm cor-
ing of side 2.

Figures 11, 12, and 13 show the principal strain
changes that occur at the individual feldspar- and
quartz-grain rosettes. Figure 12 shows these changes
after the 10.1- and 15.0-cm corings of the top surface,
The initial readings for these changes were taken after
the 5.1-cm coring. Figure 13 shows these changes after
the 5.1- and 10.1-cm corings of the bottom surface.

The pertinent strain-change data are presented in the
following succession:

1. Aoe on the top surface after the 5.1-cm coring on top
(fig. 6).After the 5.1-cm coring, the only significant
strain changes on the block occurred in the vicinity of
the freshly cut surface (fig. 6). The minor principal
strain changes, Aees, are all compressional and of large
magnitudes (up to —120 X 107°), whereas Age; are
either extensional or compressional but very small in
magnitude (less than 40 X 10-%). The orientation of
the Apez and Age; axes on the outside of the circular cut
is nearly radial and tangential to the cut, respectively,
whereas the similar axes at the center of the core (gage

coring on top (fig 7). After the 10.1-cm cor'ng on top,
the cumulative strain changes Ace on all surfaces are
significant. The larger Ace, however, are on the top
surface near the newly created 10.1-cm c'rcular cut
(fig. 7B). The A¢¢; are all compressicnal, with
magnitudes as large as —250 X 107%; and the Age; are
either compressional or extensional, with magnitudes
of as much as 60 X 10~¢, The larger Agez and Age; axes,
both exterior and interior to the 10.1-cm die meter cut,
tend to be radial and tangential, with notic-able rota-
tion at gages 11 and 12. Within the zone just outside
the cut, at gages 6 and 9, the Aoe; are much less com-
pressive than those at gages 2 and 12, and, conversely,
at gages 5 and 10 on the newly formed annulus across
the cut from 6 and 9, and Acez2 are more compressive
than at similar gages 3 and 11 diametricall: opposite,
across the cut from 2 and 12. The uneaual strain
behavior at these gages is even move clearly
demonstrated in figure 7A, which shows th= principal
strain changes that occurred between the 5.1-cm and
the 10.1-cm coring. The Ace: and Age; on the center
core changed only slightly (fig. 74).

The Age on the bottom and side-2 surfaces (figs. 7C,
7D) are nearly all compressive and have magnitudes
commonly as large as —65 X 1078,

On the bottom surface, the Age; and Age; axes aline
very well with those of similar positions on the top sur-
face.

The Aoez and Ager, nearly all compressive on the bot-
tom surface, are larger toward the center, thus reflec-
ting the radial disturbance on top.

The Ace on side 2, all compressive, are small near
the top of the block but become larger towsrd the bot-
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5.1-CM CORING

D e

Prestrain at gage 4 as
determined by X-ray

diffractometry
A%y 12
o~
w
%13 a)
»
StDE 3
EXPLANATION
10 Strain gage reference number o 100
«§—p Extensional strain-change vector 1 | Vector magnitude (X 10™)
Pp—a Compressional strain-change vector . Coring at surfece
FIGURE 6. — Vectors of principal strain changes Aoe; and Age: on the top surface caused by top 5.1-cm coring (changes that

occurred between the time of the initial reading, prior to coring of the top surface, and the top 5.1-cm coring).

tom. With one exception, the Ace; are nearly vertical, | cm cut, the largest Ace are still on the top surface (fig.
and the Age; are nearly horizontal. 8B), and all the Aoez are compressive, with magnitudes
3. Ace on the top, bottom, and side 2 after the 15.0-cmm | as large as —275 X 1076, The Aoe; are both compressive
coring on top (fig. 8). Twenty-four hours after the 15.0- | and extensional, with magnitudes as large as 90 X
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FIGURE 7. — Vectors of principal strain changes after top 10.1-cm coring. A, Top surface. Principal strain changes A ¢
and Ae; (changes occurring in the time between the stable reading (5.1-cm coring) prior to the 10.1-cm coring of top sur-
face. B, Top surface. Strain changes Aoe; and Aoez (changes after the initial reading made prior to coring top surface) after
coring. C, Bottom surface. Strain changes Ace, and Aoe; after coring. D, Side-2 surface. Strain changes Ace; and Ae; after
coring.

107°. The orientations of the Age; and Ace; axes are all |  gage 4 on the center core and at all gages on the inner
nearly radial and tangential, except at gage 13. At| annulus, the A have remained nearly the same.
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Small extensional strain changes created by the 15.0-
cm coring (fig. 84) are not readily detected on the Aqe
of the inner annulus at gages 3, 11, 5, and 10. On the
outer annulus, Ages increases are largest at gages 6 and
9, which previously showed the smallest Age; increase
after the 10.1-cm coring. Exterior to the cut, the Age
remain small in contrast to the large Ae found exter-
nal to previous cuts.

On the bottom and side 2 (figs. 8C, 8D), the Aqe
were still mostly compressional but much smaller in
magnitude than after the 10.1-cm coring, thus in-
dicating that the exterior of the block was extending
instead of contracting, as observed previously. The
orientations of the Ae axes remain approximately the
same as they were following the 10.1-cm coring. There
is one strain response on the bottom surface at gage 22
that appears to be anomalous. The Az and Aoe; are
both extensional; Age; is nearly 90 X 10-5.

Following the 15.0-cm coring, the gages on the top,
bottom, and side 2 showed continued creep for 48
hours. Figure 8E shows the strains that occurred on
the top side of the block during the second 24 hours
after the 15.0-cm coring. All the strains are exten-
sional, with the principal strain axes approximately
radial and tangential. The radial strain at gage 8 is ex-
ceptionally large, about 110 X 10~¢. Compare figures
8C and 8D, which show the Age on side 2 and on the
bottom 24 hours after drilling, with figures 8F and 8G,
which show the same quantities approximately 48
hours after, when all creep had ceased. The Age orien-
tations remained approximately the same in all cases,
but extensional strain changes, with one exception,
reduced the compressional Age to very small values,
approaching the initial strain state prior to disturbing
the block. During the observed-creep episode, a con-
tinued anomalous extensional-strain response was
recorded at gage 22 that had been observed to have
anomalous extensional Age after the 12-hour reading.

The annuli and center core were broken out of the
block, leaving on the top surface only the strain-gage
rosettes 1, 8, 7, 13, Q, and F on the periphery. The
block was then turned over, and coring was started in
the same sequence on the bottom surface as on the
top. The strain changes Ape were then referenced to a
stable zero reading just prior to the 5.1-cm coring of
the bottom surface.

. Age on the bottom, side 2, and top surfaces after the
5.1-, 10.1-, and 15.0-cm corings on the bottom (fig. 9).
The strain changes Age on the bottom side (figs. 94, B,
E) following the 5.1-, 10.1-, and 15.0-cm corings are in
many ways similar to those that occurred on the top
surface as it was cored.

The strain changes Age; and Age; on the bottom
center core are both compressive and of similar
magnitude to those that were recorded on the central

core of the top surface. The orientations, however, are
rotated nearly 90°; the Ages and Age; axes neerly
coincide with A¢e; and Aoe; axes, respectively.

Like those on top, the largest strains on the bottom
occurred nearest to the fresh cuts; the orientations of
the Ape; and Age; axes are radial and tangential,
respectively. The Age: in the peripheral zone are
mostly compressive and of magnitudes as large as
—145 X 1079 (fig. 9C, gage 25); the Ape; are nearly all
extensional and of magnitudes as large as 145 X 10-¢
(fig. 9C, gage 26). The compressive Age, induced by
the cuts on the bottom surface are much less com-
pressive than the Age: on the top surface, and the A ze;
are much more extensional than are the Age;. The Age;
on the peripheral surface external to the 15.0-cm cut
are especially large, indicating that the exterior rind of
the block is expanding.

The Agpe: and Ager on side 2 and at the remaining
two good gages (7 and 13) on top (figs. 9E, D, resgpec-
tively) corroborate the expansion of the exterior rind.
The Age: are mostly extensional or slightly
compressional, whereas the Age; are all extensional,
and the orientations have remained nearly the same as
they were after coring the top surface — that is, ver-
tical and horizontal on side 2, radial and tangential on
top. Maximum magnitudes of extensional strain are
90 X 1079 (fig. 9D, gage 7), and maximum magnitudes
of compressional strain are —15 X 1075 (fig. 9D, gage
30). The smallest Age on side 2 are in the middle
(gages 27, 28, and 32), nearest to the thin interior rock
plate still connecting the annuli to the main rock
mass.

After the bottom was completely cored, the certer
core was broken out, and an attempt was made to
break the annuli away from the thin rock plate at the
bottom of the cut. The annuli did not break; instead,
three small chips were broken away from the central
annulus, resulting in the strain changes shown in
figure 9F. At the gage locations (16, 23, and 24) on the
freed chips and near the new break, there are lerge
strain changes, both extensional and compressional,
from 200 X 106 to —150 X 10-¢, Smaller changes oc-
cur on the still-intact protion of the annulus at gage
18. Also, a small change occurs on the outer annulus
adjacent to one of the fractured chips at gage 22.

. Ape on the bottom, side-2, and top surfaces after the

10.1-cm coring on side 2 (fig. 10). The block was then
rotated, and side 2 was cored with the 10.1-cm core bit
to a depth of 12.0 cm, partially relieving the thin rock
plate still holding the bottom annuli. Resulting strain
changes Apge, referenced to the zero reacing
established prior to coring the bottom, are shown in

‘figures 10B, C, and D. On the bottom surface the

orientations of the Ape:  and Age; axes remained
approximately the same, but in most places the 2 ge;
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surface. Strain changes Age; and Ace; 48 hours after coring.

axes decreased in compression, and the Age; axes
increased in extension.

Similarly, on side 2 the orientations of the Age
remained nearly identical, but the magnitudes, es-
pecially of the Age;, changed somewhat. Radial Age;

changed very little; either they became sliglitly more
compressive or slightly more extensional, whereas the
tangential Age; have all increased in extension to
magnitudes of nearly 100 X 108 (gage 30). On the cen-
tral core at gage 27 the compressional Age; and the
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FIGURE 9. (above and facing page). — Vectors of principal strain
changes caused by bottom coring. A, Bottom surface. Strain changes
Ap€1 and Agé€s (changes after stable reading made prior to coring
bottom surface) after bottom 5.1-cm coring. B, Bottom surface.
Strain changes Age; and Apgeg after bottom 10.1-cm coring. C,
Bottom surface. Strain changes A g €1 and A g€2 after bottom 15.0-cm

gages 28, 30, 32, and 34) prior to the 10.1-cm coring.
Figure 10A shows the principal strain changes that oc-
curred at these seven gage locations from immediately
before to 12 hours after the 10.1-cm cut. External to

coring. D, Top surface. Strain changes Ag€1 and A geg after bottom
15.0-cm coring. E, Side-2 surface. Strain changes A g€; and Ages
after bottom 15.0-cm coring. F, Bottom surface. Strain changes Ae,
and Ae; caused by chipping interior annulus. Strain changes deter-
mined from equilibrium state prior to chipping.

the cut (gages 28 through 34), the minimum principal
strain changes are entirely radial, and the rmaximum
principal strain changes are tangential. The
magnitudes and senses of strain changes very con-



EXPERIMENTAL RESULTS 15

EXPLANATION

32 Strain-gage reference number
<4+—» Extensional strain-change vector

p—<4 Compressional strain-change vector
o] 100
L1 | wvector magnitude (X 107°)

Coring at surface
—————— (Coring projected to surface

SIDE 2! T
o |
w ToP
a) | ]
| |
15.0-CM CORING
[ |
: |
e — A ————— 2*_8“J|
|r T T T j|
! l s1cem | | |
I | | comNG\.] ‘ I
| { I 34 ’10.1 -CM‘ I
CORING | -
| } | | ’15.0—CM
| | ’ | lc0R|N§| "EJ
[]
o || sorrom
I ] 1 | |
E
SIDE 1
<t
w BOTTOM (VIEWED
g FROM ABOVE)
N el CORING
5 1.cMCORING
CHIP 4.0-cm ‘CORIN
DEEP
5:18
CHIP 3.0-CM
e
\'I/ )
w
o
[}
SIDE 3

F

siderably, but the orientations remain consistent with
the geometry of the cut. The maximum principal

strain changes are all extensional and range from 10 X
10-¢ to 60 X 10-¢, whereas the minimum principal
strain changes are generally small extension or com-
pression (less than 10 X 107), except for one com-
pressional value of —55 X 1075,

6. Total strain changes A¢e = A¢e + Age on the bottom,

side-2, and top surfaces after all drilling was com-
pleted (fig. 11). The 10.1-cm coring on side 2 com-
pleted the drilling program, after which final
calculations of the principal strain changes Age: and
Abe; were made for the total duration of the experi-
ment — that is, strain changes were determined from
the time of the initial reading prior to the first cver-
core on top to the final stable reading after the 15.0-
cm coring on side 2. Figure 11 shows these total prin-
cipal strain changes at the locations where the strain
gages were still recording.

On the bottom surface (fig. 11B), the total principal
strain changes Ajes and Ajge; on the cored annuli are
radically compressional and tangentially extensional,
with one exception. At gage 22 on the outer annulus,
toward side 1, the Ajes (—50 X 10-%) is compressional
and tangential, and the Ade; (360 X 107%) is erten-
sional and radial.

At gage locations (4, 20, 21, and 26) external to the
annuli, the Aje are mostly extensional and tangential,
indicating circumferential expansion of the outside
rind. The radial strains at these locations are very
small.

The total compressional strain magnitudes sre as
much as —115 X 10-% (gage 15), and the extensional
strain magnitudes were as much as 370 X 10-% (gage
22).

On side 2 (fig. 11C,) the Abes external to the 10.1-cm
cut are radial and mostly compressional. The Ade; at
gage 32 is extensional. The corresponding Age; are all
extensional and tangential. Magnitudes of the com-
pressional Age: are as much as —80 X 1078 (gage 34),
and magnitudes of the extensional Age; are as much as
105 X 10-¢ (gage 30). On the center core, Age. is com-
pressional and vertical, and Aje; is extensional and
horizontal.

On the top surface (fig. 114) at the remaining
locations external to the cut, the total Aje are entirely
extensional, nearly radial and tangential, and with
magnitudes as large as 130 X 10-5 (gage 7).

. Ae on the quartz and feldspar grains after the 10.1 and

15.0-cm corings on the top and after the 5.1-cm coring
on the bottom (figs. 12, 13). Figure 12 shows the prin-
cipal strain changes that took place on the individual
feldspar (F1,F2) and quartz (Q) grains after the 10.1-
and 15.0-cm corings on top and, finally, 48 hours after
the 15.0-cm coring on top. These changes refer back to
an initial reading taken after the 5.1-cm but before the
10.1-cm coring.
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FiGURE 13. — Vectors of principal strain changes Age€; and Agea >

(strain changes after stable reading made prior to coring bottom)
over quartz (Q) and feldspar (F,) grains on top surface. A, 24 hours
after the 5.1-cm coring on the bottom face. B, 41 days after the 5.1-
cm coring on the bottom face. C, 24 hours after the 10.1-cm on the
bottom face.

Figure 13 shows the strain changes on the same
gages which took place during the 5.1- and 10.1-cm
corings on the bottom. The initial reading was just
prior to the bottom 5.1-cm coring.

Following the 10.1-cm corings on the top (fig. 124),
the principal strain changes in individual quartz and
feldspar grains are all compressional but arz not ob-
viously radial or tangential. The magnitudes (as much
as —80 X 107%) tend to get smaller with distance out-
ward from the fresh cut.

At the 12-hour reading following the 15.0-cn coring
(fig. 12B), the quartz and feldspar locations external
to the cut have Ae are radial, and the Ae; are tangen-
tial. The Ae, at gage F1 becomes much larger in com-
pression (—55 X 10-%), whereas the Ae: at gage Q and
the Ae; at both gages Q and F; become more exten-
sional (as large as 50 X1079).

During the same interval, the Ae at gage > on the
outer annulus does not change much in orientation,
but the Ae; becomes larger in compression (—150
X10-%), and the Ae; is smaller in compression (—15 X
10-9).

After the 15.0-cm coring, both the quartz and the
feldspar gages recorded significant creep. Figure 12C
shows the strain changes after creep had cea-ed at 48
hours, indicating slight to moderate ex‘ensional
changes in all directions and some rotation of the Ae
orientations on the quartz grain.

Twenty-four hours after the 5.1-cm coring on the
bottom, thequartz and feldspar grains showed in-
creased extensional strains (fig. 134). Tle strain
changes, Ages and Apge;, with respect to the bottom
zero readings are both extensional; the Age; et gage F;
is large (131 X10-%). The orientations of the A ze> and
Ae; axes, however, are not tangential or rad‘al.

A creep event occurred at gages Q and F, for 41 days
after the 5.1-cm bottom overcore. Figure 13B shows
the Age of the quartz and feldspar grains (gages Q and
F,) after 41 days, and the creep had ceased. Both the
feldspar and the quartz grains show compressional
creep changes, with rotations of orientations cf Ae; and
Aél.

After the 10.1-cm coring on the bottom, the
strain changes, Age; and Ages, at the quartz and
feldspar grains are again highly extensional, with
magnitudes as large as 181 X 107 (fig. 1¢C). The
orientations of Age; and Apge; are nearly the same as
they were after the 5.1-cm coring on the bottom.
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FIGURE 16. — A cylindrical cantilever oriented vertically upon a
block. The moment caused by gravity loading is equal to zero.
Applied forces (F) on boundary are distributed through the base
onto the block as shown by arrows DF .

interaction of the internal cantilever stresses and the
relieved residual stresses produces a net strain change of
nearly zero on the side-2 and bottom surfaces, both being
uncut surfaces on the external rind.

BEHAVIOR OF THE BLOCK — CORING OF
BOTTOM SURFACE

When the block was turned over and cored on the bot-
tom, the responses were similar — that is, the central
5.1-cm core had all compressive strains having
magnitudes similar to those of the central core on the
top. The orientations of the principal strain axes were
rotated about 70°. The annuli had principal strains
oriented radially and tangentially; the radial strains
were also compressive but of lesser magnitudes than
those on top. However, the tangential strains were nearly
all extensional, and they became very large, especially
on the exterior rind, as the coring progressed outward.
Side 2 became nearly all extensional horizontally, with
practically no vertical change, and the exterior rind on
the top was highly extensional. Total strains in the
quartz and feldspar grains on the top exterior rind were
entirely extensional after the 5.1-cm and 10.1-cm cor-
ings, and the Aze were oriented neither radially nor
tangentially, except after the 41-day creep event (fig. 8).
During this creep event, the Azge became more
compressional, and their axes rotated to radial and

tangential positions. The creep event noted on these
gages was not observed at most of the other gages.

BEHAVIOR OF BLOCK — CORING OF
SIDE-2 SURFACE

After the final 10.1-cm coring on side 2, further exten-
sion was observed at nearly all locations on the block,
with the exception of slight increases of radial compras-
sion around the freshly cut surface. Thus, it seemed tkat
the interior restraints or balances had been parly

destroyed or damaged so that the block expanded.

BEHAVIOR OF BLOCK — TOTAL EXPERIMENT

The net strains for the entire experiment on the bot-
tom annuli (fig. 11B) are radially compressive and
tangentially extensional. On the same surface, the ex-
terior rind has nearly zero radial strains (gages 14, 21, 26)
but has large extensional tangential strains. On side 2
(fig 110), the radial strains (with one exception) are
compressional, and the tangential strains are all exten-
sional. The two remaining locations (gages 7, 13) on the
top surface (fig. 114) In general, the final net strains
seem to indicate that the central core, both annuli, and
the remaining parts of the block are radially shortened
and tangentially expanded. The radial compression
decreases outward, whereas the tangential exteunsion in-
creases outward.

BEHAVIOR OF BLOCK — SUMMARY

The foregoing discussion shows that stress relief and
the resulting strains manifested at free surfaces of the
block are very complex. The residual state of stress
within the body changes in a complex manner as now
boundaries (free surfaces) are introduced.

The initial strain changes, as the block of granite vsas
cored on the top surface, indicate that the mobilized p-rt
of the residual stress field was tensile in sense — that is,
all the relieved strains had been compressive. Yet, as
more data were gathered from further coring of the
block, many gages expanded, implying that certain com-
pressive elements of the residual state were relieved. Ior
example, the data recorded before and after the final
10.1-cm coring on side 2 indicate that a nearly totslly
compresssional component of the residual stress field
was relieved. The net strain changes for the euntire ex-
periment, however, were radial compressions and
tangential expaunsions.

Because the force field within the block had to be in-
ternally balanced, the question arises as to why all the
initial relieved strains had the same sense. One has to in-
quire: What are the stress-storage and release
mechanisms that allow such deformation to occur? Ac-
cording to McClintock and Argon (1966, p. 434), residual
stresses occur on a microscopic scale in metals as a resnlt
of anisotropic plastic behavior, dislocations, and in-
clusions; they occur on a macroscopic scale as a result of
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plastic flow or creep and volume changes caused by
metallurgical or cchemical processes. Jaeger and Cook
(1969, p. 362) alluded to viscoelastic effects to account
for residual stresses in rocks. Varnes (1969, p. 417) wrote
of frictional, time-dependent, and elastic restraints as
attributes of internally balanced stress fields. Bjerrum
(1967, p. 45) concluded that diagenetic bonds that
welded clay particles together while under maximum
consolidation load account for locked-in strain energy of
clay deposits. Seemingly, from these statements, the
storage of elastic strain energy requires a permanent or
time-dependent change of rock structure that fixes or
locks-in energy imparted by internal or external force
fields. The locking elements can be thought of as passive
restraints preventing the active elastic energy from es-
caping. At any point in the rock, however, there must be
a balance of forces to maintain static equilibrium. Thus,
the passive restraint elements must provide sufficient
resistive forces to balance the active forces that result
from stored elastic energy. If the passive restraints are
destroyed or if they decay with time, the active elastic
energy is mobilized, and strains result.

An analogy of this can be seen in Gallagher’s (1971, p.
92) model, in which he applied a biaxial compressive
load to an aggregate of photoelastic disks and
simultaneously cemented the aggregate. Upon removing
the external loads, he found reduced compressive elastic
strains stored in the disks, locked in or balanced by the
cement. In Gallagher’s experiment, the cement was
elastic and did not allow a viscous relief of the stored
energy. However, if the cement were viscous, the stored
strain energy contained in the disks would, in time, be
totally relieved. Inasmuch as the cemented model was in
a compressed state, the strains relieved within the disks
by the viscous relaxation of the cement would be exten-
sional. Relieved strains of compressive sense would,
however, occur locally as the cement matrix relaxed.
From this example it is inferred that the internal forces
resulting from the stored energy must be essentially
balanced at any particular time becuase there are no ex-
ternally applied forces; yet, as the cement relaxes with
time, the same stored energy will create measurable ex-
tensional strains at the boundaries of the model.

In figure 17A a schematic approach similar to that
presented by Varnes (1969, p. 419) demonstrates how
energy release, caused by permanent and elastic defor-
mations, may generate net strains of only one sense.
Figure 17A shows the initial equilibrium condition of a
hypothetical residual stress model after external
restraints and (or) loads have been removed. The
restraining and pushing elements represent, respec-
tively, interior tensional and compressional forces that
must be equal at equilibrium. The separation of units is
an arbitrary linear distance between elements of the
model. Changes in this distance thus represent strains.
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FIGURE 17. -— Changes of stored energy in a residual energy model
resulting from elastic and permanent deformations of the model
elements. Areas 1, 1, and 1’ show work done. Areas 2 and 2' show
stored tensile energy in the restraining elements, where+s areas 3 and
3' show stored compressional energy in the pushing elements. A,
Initial equilibrium condition with external restraints removed. B,
Partial release of energy after some deformation of restraining
elements. C, Complete release of energy after deformation of
restraining elements.

Area 1 represents the work done in attaining
equilibrium, area 2 shows the stored tensile energy, and
area 3 shows the stored compressional energy. Figure
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17B shows the changes that occur when elastic and per-
manent deformations of the elements are introduced into
the model. Assume that the permanent deformations
cause a change of modulus for both the restraining
(passive) and pushing (active) elements. In the model
shown here, the moduli of these elements have been
successively softened by decreasing, in equal in-
crements, the angle of slope shown for the elements,
thereby allowing the equilibrium position to migrate.
The amount of remaining stored energy shown by the
areas of triangles 2' and 3' has decreased, allowing the
units to separate by an amount Au.

Finally, as shown in figure 17C, permanent deforma-
tion has completely relaxed the restraining bonds, and
no more energy is stored in the system, and a net exten-
sional strain is inferred by the increased separation Au'
of the units. Therefore, the release of stored energy by
means of permanent and elastic deformations is ac-
complished by extensional strain. Compressional strains
on this model are very local, being in the vicinity of the
bonds being destroyed by permanent deformation and,
thus, are not seen in the illustrated net strain.

The same model may be used for the granite block by
inverting the compression and tension axes in figure 17,
thereby allowing the release of stored energy by com-
pressional, rather than extensional, strains. The horizon-
tal axis, instead of being ‘‘separation of units,” becomes
“contraction of units.” In this model, stored energy when
relieved causes compressive strains.

As the block was cored on the bottom and side 2,
further relieving the internal stress field, extensional
strains became predominant. Up to this time the
mobilized component of the residual energy largely
produced compressional strains. Thus, the internal
stress state seemingly was modified so that extensional
strains instead of compressional strains became
mobilized. The new internal balance of forces can be ex-
plained by the superposition of the unrelieved part of the
residual force field and newly freed forces that were
generated by mobilized residual strains. These forces,
just freed from locally balanced fields, must find new
restraints within the body in order to become balanced
again. The new restraints are defined by the body
material and are modified by the body’s geometry. Thus,
as the new forces are distributed over the body, each
point in the body will have a new equilibrium condition.
The geometric controls provided by the new boundaries
help in part to determine the nature (direction and
magnitude) of the superposed forces, because the boun-
daries must completely contain these forces. A force field
controlled by geometry will generally have uniform
gradients of both tension and compression in order to
maintain equilibrium. Accordingly, both compressional
and tensi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>